Histatin-5 is a peptide secreted in the human saliva, which possesses powerful antifungal activity. Previous studies have shown that this peptide exerts its candidacidal activity, through the inhibition of both mitochondrial respiration and the formation of reactive oxygen species. The purpose of the present study was to investigate the biological consequences of histatin-5 action on mammalian mitochondria to verify if the toxic mechanism exerted on mitochondria from Candida albicans is an exclusive for fungal cells. Moreover, hypothesising that the damage exerted on mitochondria may induce programmed cellular death pathways, we evaluated two main markers of apoptosis: the mitochondrial membrane potential (DW) and the release of cytochrome c. The results obtained show that exposure of isolated mammalian mitochondria to histatin-5 determines: (i) a large inhibition of the respiratory chain at the level of complex I, (ii) a slight decrease in the mitochondrial membrane potential, and (iii) no release of cytochrome c.
Histatins (Hsts) are a family of related cationic histidine-rich polypeptides of variable length found in abundance in the saliva of humans and old-world monkeys [1, 2] . The primary structure of the major family members (Hist-1, -3, and -5) has been determined and indicates that these peptides consist of 38, 32, and 24 amino acids, respectively [3, 4] . Many of the smaller members of the histatin family are proteolytic products of Hist-1 and Hist-3. Histatins demonstrate a number of biological activities in vitro, including maintenance of tooth surface integrity, the induction of histamine release, and inhibition of proteases [5] [6] [7] [8] [9] . Histatins have potential as therapeutic agents against oral candidiasis [10] , being potent antifungal molecules with a low toxicity to human cells, as evidenced by its lack of lytic activity to human erythrocytes and various human cell lines and primary cells [11, 12] . In vitro studies demonstrate that histatin-5 is the most potent candidacidal member of the family, killing pathogenic Candida species from 90% to 100% at physiological concentrations [3] . Biochemical and physiological data evidence that histatin-5 causes structural changes in the cell wall, membrane [13] and it induces release of potassium and ATP [14, 15] . Earlier reports have suggested that the cytotoxic activity of histatin-5 may be related to the structural features of the C-terminal fragment of the entire peptide, which in a hydrophobic environment has the propensity to assume a non-amphipathic a-helical structure [16] . Although several biochemical studies have described the toxicity of this peptide in Candida albicans cells, the real mechanism underlying the toxicity has not yet been established. It has been proposed that a requirement for the cytotoxic activity of the histatin-5 is an active metabolism of the target cell, as revealed by the protective efficacy of mitochondrial inhibitors or anaerobic conditions [17] . Recently, Helmerhorst et al. have demonstrated that histatin-5 after its internalisation within the yeast cell reaches the mitochondria, dissipating the mitochondrial membrane potential (DW). Mitochondria thus seem to represent the main target for histatin within the yeast cell [18, 19] and in particular Helemehorst et al. have recently reported that histatin-5 is able to induce the formation of reactive oxygen species (ROS) in C. albicans cells as well as in isolated mitochondria suggesting that this is the ultimate and essential step for the histatin-5-provoked yeast cell death.
This property can be probably related to the metallopeptide nature of histatin-5. In fact Melino et al. [20] have demonstrated that the peptide in the presence of zinc ions is able to aggregate and fuse negatively charged unilamellar vesicles and subsequently it has been reported that histatin-5 binds copper and nickel through its N-terminal ATCUN motif [21] .
All these effects are selective for the yeast cells due to the presence of a specific histatin-5 membrane bound receptor [22] , recently isolated and characterised as Ssa1/ 2 proteins [23] .
With the aim to discriminate intracellular toxic events from the preceding histatin binding and internalisation events, in this study, isolated mammalian mitochondria were used, as system model, to study the biochemical effects of the interaction of histatin-5 with mitochondria. This feature may assume a further interest, in consideration of the fact that in mammalian cells, as well as in unicellular organisms, mitochondria play a crucial role in the regulation and execution of cell death pathways [24] [25] [26] [27] [28] [29] [30] . Critical events in apoptosis are the permeabilisation/disruption of their outer membrane, with (or followed by) the loss of mitochondrial transmembrane potential, leading to the release of cytochrome c and other death cell factors [31] .
Materials and methods
Peptide synthesis. Synthetic histatin-5 (DSHAKRHHGYKRK FHRKHHSHRGY) was purchased from Epytop (France). Analysis of the peptide by reverse phase high performance chromatography (HPLC) and mass spectrometry revealed a purity >98%.
Mitochondrial preparation. The mitochondrial fraction was purified from the hearts of Sprague-Dawley rats according to the method reported in the literature [32] . The right and left ventricles were homogenised in ice-cold homogenisation buffer composed of 280 mM sucrose, 1 mM EDTA, and 10 mM Hepes at pH 7.2. The homogenate was centrifuged at 1000g for 5 min to remove cell debris. The resulting supernatant was centrifuged at 10,000g for 15 min to isolate the mitochondrial pellet. This washing procedure was repeated twice and the final pellet was resuspended in homogenisation pellet. Protein concentrations were determined by using the Bradford assay kit from Bio-Rad.
Detection of cytochrome c release. Freshly isolated mitochondria were incubated at 25°C for 15 min in the presence of histatin 100 lM. After the incubation, mitochondria were spun at 15,000g for 5 min at 4°C and the resulting supernatants were used for the detection of the cytochrome c by Western blotting analysis. Supernatant proteins were separated by 14% SDS-PAGE, blotted onto a nitrocellulose membrane, probed by the anticyto c mAb (7H8.2C12, PharMingen), and developed by an amplified detection method (Bio-Rad).
Mitochondrial transmembrane potential. The potential was measured in a fluorometer in the presence of Rhodamine 123 (excitation 490 nm/emission 530 nm) [33] . Fluorescence measurements were conducted at either 25 or 37°C in 280 mM sucrose, 10 mM Hepes, 1 mM EDTA, 7 mM MgCl 2 , 10 mM KCl, and 0.1 lM Rhodamine 123, pH 7.2, and adding mitochondrial suspension previously incubated with compounds under analysis at a final concentration of 1 mg/ml. The concentration of histatin was 100 lM and the peptide was incubated with mitochondria for 30 min at 37°C.
Analysis of mitochondrial functions. For studying mitochondrial functions, 1 mg of mitochondrial protein/ml was incubated in 280 mM sucrose, 10 mM Hepes, 5 mM KH 2 PO 4 , and 1 mM EDTA, pH 7.4, in the presence of histatin 100 lM and the results were compared with those of not-treated mitochondria. Respiration rates were measured using substrates that enter the electron transport chain selectively at the following specific complexes: for complex I, glutamate (1.7 mM) and malate (1.7 mM); for complex II, succinate (2.5 mM) with NADH dehydrogenase inhibitor (2 lM rotenone). Oxygen consumption was measured at 37°C with a Clark-type oxygen electrode (Strathkelvin Instr., Glasgow) under continuous stirring.
Measurement of caspase activity. Recombinant human caspase (Sigma) was incubated with the peptide at 100 lM, in the presence of DEVD-pNA for 3 h at 37°C. Additional control assays with the presence of specific caspase 3 inhibitor (DEVD-CHO) and in the absence of recombinant human caspase were performed for measuring the non-specific hydrolysis of the substrate (data not shown). Substrate cleavage was followed spectrophotometrically at 405 nm.
Fluorescent phase contrast inverted microscope measurements. Human myelomonocytic cells (U-937) were maintained in RPMI 1640 supplemented with 5% FCS (foetal calf serum), 0,1% L L -glutamine, and 1% penicillin. Cells were grown in Nunc clone plastic bottles (TedNunc, Roskilde, Denmark) and split twice weekly at cell densities according to standard procedures. The day before splitting cells (100% viability as assessed by staining with 1% trypan blue) were washed twice in RPMI 1640 and suspended at 100,000 cells/ml. Fluorescent compound, at a final concentration of 100 lM, was added to cell suspensions kept in ice. Incubation was performed for 2 h at +4 and +37°C. Thereafter cells were washed three times with saline solution (NaCl 0.7%) and observed at a fluorescent phase contrast inverted microscope (Olympus IX-70 System). Images were taken by using a 40Â objective. Processing images was done on a PC using the software package Photoshop (Adobe Systems, Mountain View, CA, USA).
Statistics. All of the data were expressed as means AE SE of five to seven independent experiments. The significance of differences between control and experimental groups were performed using a two-tailed Student's t test.
Results
First of all, it is important to provide evidence that our experiments performed on T human lymphocytes in the presence of FITC-labelled histatin-5 have demonstrated the incapacity of these cells to internalise the peptide (Figs. 1A and B) . This result confirms that the salivary peptide is non-toxic for mammalian cells due to the absence on their membrane of the specific binding protein, recently characterised on the cell envelope of C. albicans [23] .
In order to assess whether histatin-5 induces changes in the rat mitochondrial functionality, the respiratory activity, and the transmembrane potential (DW) have been estimated in the peptide-treated isolated mitochondria. In Fig. 2 , the respiratory activity of the mitochondria is shown in the presence of different substrates: succinate and glutamate plus malate that investigate, respectively, the complexes II and I. Histatin-5 was added to mitochondrial suspension in respiratory state 2. It is interesting to note that the peptide at a concentration of 100 lM inhibits mitochondrial respiration only in the presence of glutamate-malate as substrates, implying that inhibition of respiration was occurring probably at the level of the complex I of the respiratory chain. It should be noted that, although the concentration of histatin-5 used in these experiments would not be achievable under physiological conditions, in earlier in vitro studies concerning the toxic effects of histatin-5 on cells, this peptide was used in similar concentration [11, 17, 19, 22] .
Mitochondrial membrane potential variations (DW) were followed as fluorescence changes of mitochondrial suspensions in the presence of Rhodamine 123, a fluorescent probe with membrane potential-dependent distributional properties. The addition of succinate or glutamate plus malate to mitochondrial suspensions causes quenching of the probe fluorescence, due to Rhodamine 123 uptake by mitochondria. As shown in Fig. 3 , in histatin-5-treated mitochondria, the uptake-rate of the probe fluorescence was lower than that observed in control mitochondria, indicating that, under our experimental conditions, histatin-5 treatment induces a slight decrease of the mitochondrial membrane potential (DW). It should be noted that this phenomenon was evident exclusively in the experiments performed in the presence of malate and glutamate as substrates (see Fig. 3A ).
The next question we addressed was whether any of these functional mitochondrial alterations induced by histatin-5 was associated with the release in the cytosol of cytochrome c, a critical event in the apoptotic pathways.
In order to assess cytochrome c release, isolated mitochondria (1 mg/ml of proteins) were incubated with 100 lM histatin at 37°C for 30 min. Supernatants were collected and subjected to immunoblotting analysis. Fig. 4 shows that a small amount of cytochrome c released was present both in treated and untreated mitochondria. Because no significant differences were observed in both of them, the observed release of cytochrome c in treated mitochondria is probably to associate with the experimental procedures used in the assay, indicating that mitochondrial dysfunction occurring in isolated mammalian mitochondria, following histatin-5 exposure, is not accompanied by any release of cytochrome c.
Subsequently, in order to better understand the role of the apoptotic pathways in the mechanism of histatin-5 toxicity we investigated the interaction of histatin-5 on the activity of recombinant caspase 3 (see Fig. 5 ), another critical enzyme involved in the apoptotic pathways [34, 35] . Protease activity which resulted inhibited when exposed to histatin-5 (100 lM), consistent with a recent paper of Gusman et al. [36] , which demonstrates that histatin-5 is a potent competitive inhibitor of cysteine proteinase clostripain.
Discussion
The present work clearly evidences for the first time that histatin-5 induces changes of the mitochondrial functions in isolated mammalian mitochondria, inhibiting the respiratory activity and dissipating slightly the transmembrane potential (DW).
Our data regarding the respiratory activity of histatin-treated isolated mammalian mitochondria are in agreement with previous studies that reported a dosedependent inhibition of the respiratory activity and a large dissipation of the mitochondrial membrane potential (DW) in C. albicans cells, following histatin 5 exposure [17, 19] . First, Helmerhorst et al. suggested that histatin-5, after its entrance in the yeast cell, reaches the mitochondria and inhibits the complexes I and/or III of the respiratory chain. However, the amplitude of the dissipation of the transmembrane potential (DW) is quite different in mammalian and in C. albicans mitochondria, probably due to differences in the method of membrane potential measurements, and even to the features of the cardiac mitochondria system [16, 17] .
It is widely accepted that reduction of DW is linked with the release of inter-membrane proteins such cytochrome c [24] [25] [26] . Although our results show a slight but significant reduction of DW, no significant cytochrome c release was observed under our experimental conditions, in isolated mammalian mitochondria following histatin-5 exposure. Whether dissipation of the transmembrane potential (DW) is a primary effect of histatin-5 on the mitochondria or a consequence of cytochrome c release needs probably further work, although our data favour the first possibility. Helmerhorst et al. suggested that a large accumulation of unstable reactive species within the mitochondria of yeast cells after treatment with histatin-5 might likely represent an inevitable consequence of impairment of the mitochondrial respiratory enzymes induced by histatin-5 [19] . Similarly, we suggest that a slight membrane damage induced by the oxygen reactive species generated within the mammalian mitochondria as a consequence of the histatin-5-dependent inhibition of the complex I of the respiratory chain might account for the slight dissipation of the transmembrane potential (DW), we observed, under our experimental conditions, in isolated mammalian mitochondria subsequent to histatin-5 exposure. Thus, although the amplitude of the toxic effects exerted by histatin-5 on mammalian mitochondria was lesser than that reported for C. albicans cells, our results suggest that production of ROS may be a metabolic event shared by yeast and mammalian mitochondria. Similarly, it should be noted that the ability of histatin-5 to inhibit human caspase 3 activity might represent an important biological property of this antimicrobial peptide even in C. albicans, in consideration of the existence of a caspase-related protease that regulates apoptosis in yeast [37] .
In summary, our results indicate that not only mitochondria from C. albicans [16, 17] , but also mammalian mitochondria may be targets of histatin-5 toxic action. This finding supports the hypothesis that binding of histatin-5 to fungal cell membrane and its internalisation and transport represent critical events in the entire killing process [38, 39] mediated by histatin-5.
The weak amphipathic character of the a-helical structure that the peptide assumes in a hydrophobic environment and the presence of a net positive charge at physiological conditions [40] make improbable a mechanism of internalisation related to the permeabilisation of the biological membranes. In fact, very recently Li et al. [23] provide evidence for a novel function of yeast Ssa1/2 proteins as cell envelope for histatin-5 that mediate fungicidal activity.
Consistent with the existence of specific surface receptors on yeast membrane, our experimental observations (Figs. 1A and B) show the incapacity of T human lymphocytes to uptake histatin-5 labelled with FITC, but on the same time our results demonstrate that the histatin-5 toxic selectivity is not exerted on the mammalian mitochondria, indicating that mammalian mitochondria may be used to study the histatin-5 mediated effects at comparative level.
It is therefore interesting to outline that part at least of the mechanisms responsible for histatin-5 toxicity operating in mammalian mitochondria involves both inhibition of the respiratory activity and dissipating of the transmembrane potential (DW), sharing similarities with the toxic mechanisms operating in C. albicans.
